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This study proposes to attach stator vanes to PowerWindow, a linear cascade wind turbine, to 
improve the flow direction in the device. By controlling the angle of attack, the stator vanes 
increase the acting force and decrease the undesirable force on PowerWindow blades. An 
Analytical model using blade element momentum theory is developed for the new configuration, 
referred to as stator-augmented PowerWindow. The analytical model has been verified by a 
computational fluid dynamic simulation. This study shows that the stator vanes are able to 
minimize/neutralize the undesirable axial force on PowerWindow so that the thrust coefficient 
decreases from 0.035 in the original model to -0.005 in the stator-augmented one. In addition, by 
increasing the acting force on the blades, the stator-augmentation will simultaneously enhance the 
coefficient of performance by up to 10%. This study also shows that by using stator vanes to 
control the angle of attack, unlike in the original PowerWindow, the direction of rotation of the 
stator-augmented PowerWindow will remain the same regardless of the wind direction, increasing 
the utility of the device in practice.  
 
 Keywords: blade element momentum theory, computational fluid dynamics, linear cascade, wind 
turbine, angle of attack, coefficient of performance, stator vanes, PowerWindow 
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Nomenclature 
A     PowerWindow frontal area (m2) 
𝑎𝑓     Axial induction factor (dimensionless)  
𝐵     Airfoil plan area (m2) 
𝐶𝐷     Drag coefficient (dimensionless), Eq. 3 
𝐶𝐿     Lift coefficient (dimensionless), Eq. 4 
𝐶𝑃     Coefficient of performance (dimensionless), Eq. 1 
𝐶𝑠𝑝     Surface pressure coefficient (dimensionless), Eq. 31 
𝐹𝐷     Drag force (N) 
𝐹𝐿     Lift force (N) 
ṁ     Mass flow rate (kg s-1) 
𝑁     Number of blades at the front/rear side of PowerWindow 
𝑃     Power (Watt)  
𝑝     Pressure (Pa) 
𝑅𝑉     Velocity ratio (dimensionless), Eq. 32 
𝑉     Air velocity in horizontal direction (m s-1) 
𝑉𝑟𝑒𝑙     Wind relative velocity to the blades (m
 s-1) 
𝛼     Angle of attack (°) 
𝛽     Effective angle (°) 
𝜃𝑏     Blade pitch angle (°) 
𝜃𝑣     Vane pitch angle (°) 
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𝜀     Affected flow ratio (dimensionless) 
𝜎     Solidity (dimensionless), Eq. 5 
𝜌     Air density (kg m-3) 
𝜆     Blade speed ratio (dimensionless) 
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1. Introduction 
Linear Cascade Wind Turbines (LCWTs) are a new generation of wind turbines. Unlike the 
conventional horizontal axis wind turbine (HAWT) and vertical axis wind turbines (VAWT), the 
blades of LCWTs do not rotate around the rotor axis but move translationally in a direction 
perpendicular to the approach wind direction. PowerWindow, shown in Figure 1(a), is a compact 
modular LCWT which can easily fit into any designated area in a building. It is also capable of 
generating electricity even when the ratio of blade speed to wind speed (referred to as the blade 
speed ratio, λ) is quite low. Therefore, it can be a safe option for application in built environments.  
Power generation mechanism of PowerWindow is similar to Variable-Geometry Oval-
Trajectory (VGOT) Darrieus turbine 1-3, which is a modified version of a straight-blade Darrieus or 
H-rotor Vertical Axis Wind Turbine (VAWT) 4. Similar to VGOT, PowerWindow has an 
adjustable blade pitch angle (𝜃𝑏), which enables optimizing the angle of attack (𝛼) when exposed 
to different approach wind velocities. Here, 𝜃𝑏 refers to the angle between the chord length of the 
blades and the horizontal direction. Therefore, 𝛼  equals 𝜃𝑏 if the blades are stationary and is 
smaller than 𝜃𝑏 as the blades move. Note that the pitch angle in HAWTs and VAWTs may very 
along the span of the blade, while in PowerWindow 𝜃𝑏 is constant spanwise. When 𝜃𝑏 ≠ 0, it is 
required that the angle flips to − 𝜃𝑏 when the blades roll over. A passive mechanism for this 
purpose has been designed for PowerWindow as described in Section 2.  
The power generation performance of a wind turbine is dependent on different design 
parameters such as airfoil shape, solidity, pitch angle and rotating speed. Mohamed 5 investigated 
performance of a H-rotor Darrieus wind turbine using 20 different airfoil shapes and increased the 
power output coefficient by 27%. Mohamed 6 also investigated the impacts of solidity on the 
performance of a small H-rotor Darrieus turbines and found that the rotational speed of the rotor 
deacreases by increasing the solidity. Lee et al. 7 investigated effects of the pitch angle and rotating 
speed on aerodynamic performance of a counter-rotating wind turbine and showed that the 
rotational speeds of the wind turbine rotors are strongly dependent on their pitch angles, while both 
the parameters (pitch angle and rotating speed) significantly affect the aerodynamic performance of 
the turbine. 
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Figure 1 (a) Sketch of the PowerWindow prototype, (b) Blades changing their side and orientation at the top 
of PowerWindow, (c) Cross section view of the airfoil blades, and (d) Sketch of the stator-augmented 
PowerWindow (from side view). 
 
In our previous work 8, we examined the effect of solidity on the performance of 
PowerWindow. The aim of this paper is to explore the optimization of the angle of attack. It can be 
observed that the optimum 𝛼 is dependent on the wind speed. Therefore, one approach would be to 
adjust the pitch angle 𝜃𝑏 for different approach wind velocities. It is conceivable to design an active 
pitch angle control mechanism for this purpose. However, this addition has a number of drawbacks. 
Firstly, it increases the complexity (and cost) of the mechanism of attachment between the blades 
and the belt/chain. Secondly, controlling the drag force is not easy and may result in undesirable 
load on the system. In the wind tunnel test on the prototype model 9, 𝜃𝑏 could be altered manually. 
The results presented in [5] are for 𝜃𝑏 = 16°. But increasing 𝜃𝑏 would also increase the axial load 
(aerodynamic force along the wind direction) on PowerWindow 10.  
 This study aims to develop an alternative approach to optimize 𝛼 and enhance power 
generation performance of PowerWindow. Instead of optimizing 𝜃𝑏 for the turbine blades, stator 
vanes are attached to the device, and the vane pitch angle (𝜃𝑣) is used to control the flow direction 
toward the blades in order to create a desirable 𝛼. This approach has been widely used in gas 
turbines. As shown in Figure 2, in gas turbines, stationary vanes, also known as stator are located 
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between the rotors and redirect the flow. When fluid passes through a stator, the velocity of fluid 
increases due to its special shape and a part of enthalpy gets converted into kinetic energy 11,12. The 
angle of the stator vanes can be adjusted to redirect the flow and create the optimum 𝛼 over the 
rotor blades based on the flow velocity. The black vectors show the absolute velocity of the flow 
and blue ones show the relative velocity of the flow to the rotor blades. 
 
 
Figure 2 Absolute (black vectors) and relative (blue vectors) velocity of the flow to the rotor blades. 
 
This study proposes to use stator vanes to improve the flow direction in PowerWindow. This 
new configuration (with stator vanes attached to the original PowerWindow) is referred to as 
stator-augmented PowerWindow. It is demonstrated that by attaching stator vanes and adjusting 
their angle, it is possible to increase the acting force (vertical load) while at the same time having 
the ability to decrease/control the undesirable force (axial load) on PowerWindow. The complexity 
of the device is also significantly reduced, because neither the active mechanism for adjusting the 
blades’ pitch angle in response variations of wind speed nor the passive mechanism for flipping the 
pitch angle in each rotation are needed. This is because the pitch angle will be set at a fixed value 
of 𝜃𝑏 = 0. Another advantage of using stator vanes to control the angle of attack is that the 
direction of rotation of PowerWindow will remain the same regardless of the wind direction. In the 
original PowerWindow, when the wind direction is reversed, the turbine will also rotate in the 
opposite direction. The stator-augmented design, therefore, will be particularly useful for fixed in-
building installations. 
The effect of stator augmentation has been investigated on the coefficient of performance (𝐶𝑃) 
and the thrust coefficient (𝐶𝑇) of the stator-augmented PowerWindow. 𝐶𝑃 refers to the ratio of the 
power captured by the generator to the entire wind energy passing through its swept area and 𝐶𝑇 
shows the ratio of the force exerted on a turbine rotor to the dynamic pressure of the approach 
flow: 









         (2) 
when 𝜌 is the density of the flow, 𝐴 is swept area. 
In this study, Blade Element Momentum (BEM) theory has been selected for analysing the 
power generation of the stator-augmented PowerWindow, as this approach has shown to be very 
effective for design and optimization of HAWTs 13-15 and VAWTs 16. In addition, we have 
developed a similar model for the original PowerWindow (without the stator vanes) in our previous 
research 10, hence, comparative studies can be conducted on 𝐶𝑃 and 𝐶𝑇 of both configurations. A 
Computational Fluid Dynamic (CFD) model of the stator-augmented PowerWIndow has also been 
developed to verify the analytical results by simulation. 
2. Description of the Original and Stator-augmented PowerWindow  
A sketch of the original PowerWindow is shown in Figure 1 (a). In PowerWindow, the 
approach wind exerts lift force on the blades pushing the front blades upward and the rear ones 
downward causing the belt to roll. As the belt goes around, the blades change side and orientation. 
The blades are attached to the belt in a way that they can rotate about the support point with ±𝜃𝑏 as 
shown in Figure 1 (b). The blade’s angular rotation is constrained by a simple pin-and-groove 
mechanism, which limits 𝜃𝑏to some upper bound value for the pitch angle. 
PowerWindow blades have a symmetrical shape as shown in Figure 1 (c). In the original 
PowerWindow, the point of attachment is at about a third of the chord length, which is forward of 
the centre of mass but behind the centre of pressure in the upwind state. When a blade is at the 
front (upwind plane), the force of gravity acting on the centre of mass and the lift force acting at 
the centre of pressure make the blade rotate in the clockwise direction. When a blade is at the rear 
(downwind plane), both the gravity and the pressure force makes the blade rotate in the 
anticlockwise direction. 
In PowerWindow, the lift forces acting on the front and the rear blades oppose each other. 
Therefore, the original PowerWindow is designed such that blades ‘flip over’ to − 𝜃𝑏 in each 
rotation. While as shown in Figure 1 (d), in the stator-augmented PowerWindow, 𝜃𝑏 = 0 and using 
the stator vanes 𝜃𝑣 adjusts 𝛼 over the front and rear blades. The point of attachment should also be 
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at the middle of the blades. The stator vanes’ pitch angle 𝜃𝑣 creates an upward lift on the front and 
a downward lift on the rear blades, whether the approach wind comes from front or back. This 
mechanism allows the stator-augmented PowerWindow to operate effectively in clockwise 
direction with respect to bidirectional approach wind. 𝜃𝑣 for the front and rear vanes needs to be 
identical but it can be different for the middle vanes. As a simple preliminary configuration for the 
analysis and evaluation of this paper, the stator vanes have been selected to have the same length 
and distance from each other as the chord length of the blades, and 𝜃𝑣 is selected for every vane. 
The middle vanes are simple flat vanes but the front and rear vanes are designed with a curved 
shape to minimize flow separation from their surface. Further details are discussed later in 
computational fluid dynamic model. 
3. Blade Element Momentum Model  
The basic aerodynamic analysis of the BEM theory is based on Glauert’s airscrew theory 17, 
which was initially developed for  the analysis of propellers, particularly within the helicopter 
industry 18. This theory has recently been used in the analysis of  HAWT 15,19-21, and VAWT 16 
using tabulated airfoil lift and drag coefficients (𝐶𝐿 and 𝐶𝐷). For most of the well-known airfoils, 
the recorded databases of 𝐶𝐿 and 𝐶𝐷 is available for a limited range of angle of attack (𝛼), 
Reynolds and Mach numbers. However, it has been reported that the 𝐶𝐿 and 𝐶𝐷 values are usually 
higher than those which are typically experienced by wind turbine blades during the operation 16.  
3.1 Aerodynamic of the PowerWindow blade and cascade configuration 
In this study, 𝑘 –𝜔 shear stress transport (SST) turbulence model was used in the CFD 
simulations to calculate the lift and drag coefficient (𝐶𝐿 and 𝐶𝐷) values of airfoil blades. The BEM 
theory was modified by replacing 𝐶𝐿 and 𝐶𝐷 of the isolated blade by the 𝐶𝐿 and 𝐶𝐷 of the cascade 
configuration, which takes into account the viscous loss and effects of other characteristic changes 












          (4) 
Where, 𝜌 is air density, 𝐵 is airfoil plan area and 𝑉 is the air velocity. 
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In PowerWindow, solidity (𝜎) is the ratio of the total surface area of the windward side of the 
(front/rear) blades to the total area of PowerWindow exposed to the approach wind: 
𝜎 = 𝑁𝐵 𝐴⁄           (5) 
where N, B and A represent the number of the blades, area of each blade and area of PowerWindow 
respectively. 
𝐶𝐿 and 𝐶𝐷 of the linear cascade (a series of airfoils located in a line parallel to each other) 
configuration are calculated for the original PowerWindow, where 𝜎 = 0.428, and also for some 
higher 𝜎 values: 𝜎 = 0.857 and 1.714, to demonstrate the influence of 𝜎 on the aerodynamic 
performance of PowerWindow. In all simulations, the inlet wind velocity was set to 8 𝑚𝑠−1, which 
is achievable in appropriate places in urban environments. The Reynolds and the Mach number 
based on chord length the airfoil and room temperature (300K) are 7.1 × 104 and 2.33 × 10−2, 
respectively. Figures 3(a) and (b) show the numerical results of 𝐶𝐿  and 𝐶𝐷 for an isolated airfoil 
and one of the airfoil in linear cascade configuration with 𝜎 = 0.428, 0.857 and 1.714 against a 
range of 𝛼: −14° < 𝛼 < 36°.  Polynomial curves have been fitted to the 𝐶𝐿  and 𝐶𝐷 values at 𝜎 =
0.428 to present their relation with 𝛼.  







Figure 3 (a) 𝐶𝐿 and (b) 𝐶𝐷 extracted for the isolated airfoil and the linear cascade configuration 
with 𝜎 = 0.428, 0.857 and 1.714 against a range of 𝛼: −14° < 𝛼 < 36°.  𝐶𝐿  =  3.93 ×
 10−15𝛼11  −  4.35 ×  10−133𝛼10  +  1.47 ×  10−11𝛼9  −  2.55 ×  10−11𝛼8  −  6.89 ×  10−9𝛼7  +
 7.05 ×  10−8𝛼6  +  9.76 ×  10−7𝛼5  −  1.14 ×  10−5𝛼4 −  8.05 × 10−5𝛼3 +  5.68 ×  10−4𝛼2  +
 5.48 ×  10−2𝛼 +  8.73 ×  10−2 and 𝐶𝐷  =  − 3.02 ×  10
−9𝛼5  +  1.86 × 10−7𝛼4 −  4.39 ×  10−6𝛼3  +
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3.2. Momentum Analysis of Stator-augmented PowerWindow 
Analytical model of the original PowerWindow has been developed using BEM theory in a 
previous study 10. This study develops a BEM model to analyze power generation mechanism of a 
stator-augmented PowerWindow and compare that with the original PowerWindow. Figure 4 (a) 
and (b) show a flow stream tube around the original and stator-augmented PowerWindow. In the 
stator-augmented PowerWindow, vanes are attached to the front, middle and rear of the blades. 
Blades are attached horizontally to the chains and the stator vanes create a desirable 𝛼 on them.  
The flow stream in and around PowerWindow is divided into 5 main zones and flow 
characteristics of the approach wind is assumed to be changing while proceeding from one zone to 
the next one. The upstream flow far from PowerWindow is before Boundary 0. Boundaries 1 and 2 
are the leading edge and the trailing edge of the front blades of PowerWindow. Boundaries 3 and 4 
are the leading edge and trailing edge of the rear blades of PowerWindow. In Figure 4(b), 
boundaries 1𝑠 and 4𝑠 are added to indicate the flow at upstream of the front stator vanes and 
downstream of the rear stator vanes respectively. Beyond Boundary 5 is the downstream flow far 
from PowerWindow. The velocity and pressure at each boundary 𝑖 = 1 𝑜𝑟 2 is denoted by 𝑉𝑖 and 
𝑃𝑖 respectively. 
 
Figure 4 Flow stream passing through the (a) original and (b) stator-augmented PowerWindow from far 
upstream to far downstream. 
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Prior to entering PowerWindow between 0 and 1, flow expands and its velocity reduces from 
𝑉0,𝑥  to 𝑉1,𝑥 and air pressure increases from 𝑝0 to 𝑝1 (note that 𝑝0 = 𝑝𝑎𝑡𝑚). By passing across the 
front and rear blades (and vanes) pressure of the flow drops from 𝑝 1 to 𝑝2  ( 𝑝 2 < 𝑝1) and 𝑝3 to  
𝑝4 ( 𝑝 4 < 𝑝3). Within the space between the front and rear blades, the flow does not expand, so it 
is reasonable to assume that  𝑉2,𝑥 = 𝑉3,𝑥. Therefore, due to the close vicinity of the stator vanes and 
PowerWindow blades it can be assumed that: 𝑉1,𝑥 ≡ 𝑉1𝑠,𝑥 ≡ 𝑉2,𝑥 ≡ 𝑉3,𝑥 ≡ 𝑉4,𝑥 ≡ 𝑉4𝑠,𝑥. However, 
in the original PowerWindow:  𝑝2 = 𝑝3, while in the stator-augmented PowerWindow pressure 
drops when passing across the middle vanes and:  𝑝3 < 𝑝2. Therefore, in the stator-augmented 
PowerWindow:  𝑝 4𝑠 <  𝑝 4 < 𝑝3 <  𝑝 2 < 𝑝1 < 𝑝1𝑠. Finally, in the second expansion air velocity 
reduces from 𝑉4,𝑥 to 𝑉5,𝑥 and its pressure increases from 𝑝4 to 𝑝5 ( 𝑝5 = 𝑝𝑎𝑡𝑚). 








         (6) 
It should be noted that a unified 𝑎𝑓 is considered for the entire blade system since the gap 
between the front and rear blades is not large enough for wind to recover its velocity/pressure. 
When 𝑝 3 = 𝑝2 and 𝑉1,𝑥 = 𝑉2,𝑥 =  𝑉3,𝑥 = 𝑉4,𝑥, the power extracted by the front and rear blades can 
be calculated by the following equations: 
𝑃 𝑓𝑟𝑜𝑛𝑡 = 𝑉1,𝑥𝐴(𝑝1 − 𝑝2) = 𝑉0,𝑥𝐴(1 −  𝑎𝑓)(𝑝1 − 𝑝2)    (7) 
𝑃 𝑟𝑒𝑎𝑟 = 𝑉1,𝑥𝐴(𝑝3 − 𝑝4) = 𝑉0,𝑥𝐴(1 −  𝑎𝑓)(𝑝3 − 𝑝4)     (8) 
The pressure drop created by the stator vanes depends on length of the vanes, their distance 
from each other, and velocity of the approach wind. However, assuming inviscid flow and ignoring 
the pressure drop, the total wind power captured by the device can be calculated using the 
following equation: 
𝑃𝑡𝑜𝑡𝑎𝑙 = 𝑉𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝐴(𝑝1 − 𝑝4)        (9) 
where 𝐴 is to the frontal area of PowerWindow. 
As 𝑎𝑓 assumes equal air velocity reduction at upstream and downstream of PowerWindow, 𝑉5 
can be calculated based on 𝑉1as follows: 
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𝑉5,𝑥 = 𝑉0,𝑥(1 − 2𝑎𝑓)        (10) 







= 𝑉0,𝑥(1 − 𝑎𝑓)    (11) 
𝑃1 − 𝑃4 can be presented based on the velocities: 
























24𝑎𝑓(1 − 𝑎𝑓)    (12) 
Combining Equations 9, 11 and 12 and considering 𝑃0 = 𝑃5 = 𝑃𝑎𝑡𝑚 and 𝑉0,𝑥= 𝑉𝑤𝑖𝑛𝑑,  𝑃𝑡𝑜𝑡𝑎𝑙 





3 4𝑎𝑓(1 − 𝑎𝑓)
2
       (13) 
The effect of the tangential (vertical) momentum and the induction factor (𝑎′𝑓) is assumed to be 
negligible on power generation of PowerWindow because the front and rear blades are chained 
together and the inlet flow simultaneously moves the front blades up and the rear ones down with 
the same velocity. 
3.3 Blade Element Analysis of Stator-augmented PowerWindow 
Blade element theory divides a blade into small elements so that the forces on each of these 
small elements can be individually calculated. These forces are then integrated along the entire 
blade and over one rotor revolution in order to obtain the forces produced by the entire propeller or 
rotor 22. Figure 5 (a) and (b) show the aerodynamic forces on the blades of the original and stator-
augmented PowerWindow respectively. The horizontal (𝐹𝑥) and vertical (𝐹𝑦) forces can be 
calculated along entire the span of the front and rear blades by the following equations: 
𝐹𝑥 = 𝐹𝐿𝑥 − 𝐹𝐷𝑥 = (𝐹𝐿 sin𝛼 − 𝐹𝐷 cos𝛼)      (14) 
𝐹𝑦 = 𝐹𝐿𝑦 + 𝐹𝐷𝑦 = (𝐹𝐿cos𝛼 + 𝐹𝐷sin𝛼)      (15) 
 







Figure 5 Aerodynamic forces created on the blades of the: (a) original and (b) stator-augmented 
PowerWindow. 
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Table 1 presents and compares 𝐹𝑥and 𝐹𝑦 on the blades of the original and stator-augmented 
PowerWindow, and the contribution of the lift (𝐹𝐿) and drag (𝐹𝐷) in creating those aerodynamic 
forces. It can be observed that in the original PowerWindow 𝐹𝐿𝑥and 𝐹𝐷𝑥strengthen each other and 
𝐹𝐿𝑦and 𝐹𝐷𝑦 oppose each other, while in the stator-augmented PowerWindow, 𝐹𝐿𝑥and 𝐹𝐷𝑥 are 
opposing each other and 𝐹𝐿𝑦and 𝐹𝐷𝑦 are strengthening each other. The opposite act of 𝐹𝐿𝑥and 𝐹𝐷𝑥 
in the stator-augmented PowerWindow enables us to control, reduce and even neutralize the 
undesirable axial load as discussed later. 
 
Table 1 Aerodynamic forces and 𝛼 created on blades of the original and stator-augmented PowerWindow. 
 Original Stator-augmented 
𝐹𝐿𝑥 = 1 2⁄ 𝜌𝐵𝑉𝑟𝑒𝑙
2𝐶𝐿 sin 𝛽 1 2⁄ 𝜌𝐵𝑉𝑟𝑒𝑙
2𝐶𝐿 sin 𝛼 
𝐹𝐷𝑥 = 1 2⁄ 𝜌𝐵𝑉𝑟𝑒𝑙
2𝐶𝐷 cos 𝛽 1 2⁄ 𝜌𝐵𝑉𝑟𝑒𝑙
2𝐶𝐷 cos 𝛼 
𝐹𝐿𝑦 = 1 2⁄ 𝜌𝐵𝑉𝑟𝑒𝑙
2𝐶𝐿cos𝛽 1 2⁄ 𝜌𝐵𝑉𝑟𝑒𝑙
2𝐶𝐿cos𝛼 
𝐹𝐷𝑦 = 1 2⁄ 𝜌𝐵𝑉𝑟𝑒𝑙
2𝐶𝐷sin𝛽 1 2⁄ 𝜌𝐵𝑉𝑟𝑒𝑙
2𝐶𝐷sin𝛼 
𝐹𝑥 = 𝐹𝐿𝑥 + 𝐹𝐷𝑥 𝐹𝐿𝑥 − 𝐹𝐷𝑥 
𝐹𝑦 = 𝐹𝐿𝑦 − 𝐹𝐷𝑦 𝐹𝐿𝑦 + 𝐹𝐷𝑦 
𝛼 = 𝜃𝑏 −  𝛽 𝜃𝑣 −  𝛽 
 
Airfoil plan area is shown by 𝐵. Wind relative velocity shown by 𝑉𝑟𝑒𝑙, can be calculated as 
discussed later. Effective angle (𝛽), which is created by the perpendicular speed of the 
PowerWindow blades to the approach wind, as shown in Figure 4(b), is equal to the difference 
between 𝜃𝑣 and 𝛼 ( 𝛽 = 𝜃𝑣 −  𝛼), and 𝛼 is obtained as described below. 
Power generation by each of front and rear blades can be calculated by multiplying the vertical 
force exerted on the blade (𝐹𝑦𝑖) by their linear speed. The total power of PowerWindow is the sum 
of the power generated by all the blades. As explained before, 𝜆 is the ratio of the blade’s speed to 




          (16) 
Power generation of a stator-augmented PowerWindow can be calculated by multiplying 𝐹𝑦 by 
the linear speed of the blades (𝑉𝑏𝑙𝑎𝑑𝑒 = 𝑉𝑤𝑖𝑛𝑑𝜆) as below: 





1 [𝐶𝐿 cos 𝛼 + 𝐶𝐷 sin 𝛼](𝑉𝑤𝑖𝑛𝑑𝜆)    (17) 
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where 𝑉𝑟𝑒𝑙 refers to the wind relative velocity magnitude when approaching the PowerWindow 




2         (18) 
𝑉𝑥 = 𝑉𝑤𝑖𝑛𝑑(1 − 𝑎𝑓)         (19) 
 𝑉𝑦 = 𝑉𝑥 𝑡𝑎𝑛 𝛼 − 𝜆𝑉𝑤𝑖𝑛𝑑 = 𝑉𝑤𝑖𝑛𝑑 ((1 − 𝑎𝑓) 𝑡𝑎𝑛 𝛼 − 𝜆)    (20) 
The angle of attack 𝛼 over the front and rear blades (𝑖 = 1,2) can be calculated using the 
equation below: 
𝛽 = tan−1 ( 𝜆/(1 − 𝑎𝑓))        (21) 
𝛼𝑖 = 𝜃𝑣,𝑖 − 𝛽         (22) 
When 𝜃𝑣,𝑖 is the leading angle of the stator vanes (angle of the flow from the horizontal axis 
which the stator vanes have created). The value of 𝜃𝑣,𝑖 should be the same for the front and rear 
stator vanes (𝜃𝑣,1 = 𝜃𝑣,3) but it can be different for the middle one (𝜃𝑣,2).  
According to Equation 15, power generation by the front blades of the stator-augmented 






3 ((1 − 𝑎𝑓)
2
+ ((1 − 𝑎𝑓) tan 𝜃𝑣,1 − λ)
2
) [𝐶𝐿𝛼1 cos (𝜃𝑣,1 − tan
−1 ( 𝜆/(1 −
𝑎𝑓))) + 𝐶𝐷𝛼1 sin (𝜃𝑣,1 − tan
−1 ( 𝜆/(1 − 𝑎𝑓)))]      (23) 
As explained in the previous study 10, the direction of the flow approaching the rear blades is 
affected by the front blades, and 𝛽2 and 𝛼2  may not be equal to 𝛽1 and 𝛼1, even if: 𝜃𝑣,1 = 𝜃𝑣,2 =
𝜃𝑣,3. Using the affected flow ratio (𝜀) investigated in another study
8, 𝛽2 and 𝛼2  can be calculated 
as follow: 
𝛽2 = tan
−1 ( (1 + 𝜀)𝜆/(1 − 𝑎𝑓))       (24) 
𝛼2 = 𝜃𝑣,2 − tan
−1 ( (1 + 𝜀)𝜆/(1 − 𝑎𝑓))      (25) 
Using 𝛽2 in equation 25, power generation by the rear blades of the stator-augmented 
PowerWindow can be calculated as follows: 







3 ((1 − 𝑎𝑓)
2
+ ((1 − 𝑎𝑓) tan 𝜃𝑣,2 − (1 + 𝜀)λ)
2
) [𝐶𝐿𝛼2 cos (𝜃𝑣,2 −
tan−1 ( (1 + 𝜀)𝜆/(1 − 𝑎𝑓))) + 𝐶𝐷𝛼2 sin (𝜃𝑣,2 − tan
−1 ( (1 + 𝜀)𝜆/(1 − 𝑎𝑓)))]   (26) 
3.4 Blade Element Momentum Analysis of Stator-augmented PowerWindow 
Equating the total power generation (Equation 13) from momentum theory with the total power 
generation of the front and rear blades (Equations 23 and 26) determines 𝑎𝑓 and then the power 











3 [((1 − 𝑎𝑓)
2
+ ((1 − 𝑎𝑓) tan 𝜃𝑣,1 − λ)
2









))] + ((1 − 𝑎𝑓)
2
+ ((1 − 𝑎𝑓) tan 𝜃𝑣,2 − (1 +
𝜀)λ)
2
) [𝐶𝐿𝛼2 cos (𝜃𝑣,2 − tan
−1 ( 𝜆/(1 − 𝑎𝑓))) + 𝐶𝐷𝛼2 sin (𝜃𝑣,2 − tan
−1 ( 𝜆/(1 − 𝑎𝑓)))]] 
      (27) 
Table 2 compares 𝛽𝑖 and 𝛼𝑖 of the original and stator-augmented PowerWindow and power 
generation by their front and rear blades. 
 
Table 2 Aerodynamic parameters and power generation of the original and stator-augmented PowerWindow 
 Original Stator-augmented 
𝛽1 =  𝑡𝑎𝑛−1 ( 𝜆/(1 − 𝑎𝑓)) tan
−1 ( 𝜆/(1 − 𝑎𝑓)) 
𝛼1 = 𝜃𝑏 − 𝛽1 𝜃𝑣,1 − 𝛽1 
𝛽2= 
𝑡𝑎𝑛−1 (
((𝜀 + 1)𝜆 − 𝜀(1 − 𝑎𝑓)𝑡𝑎𝑛𝜃𝑏)
(1 − 𝑎𝑓)
) 
tan−1 ( (1 + 𝜀)𝜆/(1 − 𝑎𝑓)) 
𝛼2= 𝜃𝑏 − 𝛽2 𝜃𝑣,2 − 𝛽2 








































3 ((1 − 𝑎𝑓)
2
+ ((1 − 𝑎𝑓) tan 𝜃𝑣,1
− λ)
2
) [𝐶𝐿𝛼1 cos (𝜃𝑣,1
− tan−1 ( 𝜆/(1 − 𝑎𝑓)))
+ 𝐶𝐷𝛼1 sin (𝜃𝑣,1











((𝜀 + 1)𝜆 − 𝜀(1 − 𝑎𝑓)𝑡𝑎𝑛𝜃𝑏)
2) 
[𝐶𝐿𝛼2𝑐𝑜𝑠 (𝑡𝑎𝑛
−1   (




−1   (







3 ((1 − 𝑎𝑓)
2
+
((1 − 𝑎𝑓) tan 𝜃𝑣,2 − (1 +
𝜀)λ)
2
) [𝐶𝐿𝛼2 cos (𝜃𝑣,2 −
tan−1 ( (1 + 𝜀)𝜆/(1 − 𝑎𝑓))) +
𝐶𝐷𝛼2 sin (𝜃𝑣,2 − tan
−1 ( (1 + 𝜀)𝜆/
(1 − 𝑎𝑓)))]  
 
Adjusting the orientation of the stator vanes can change contribution of the lift (𝐹𝐿) and drag 
(𝐹𝐷) on the resultant force (𝐹𝑅) over the blades and significantly increase 𝐶𝑃 and decrease 𝐶𝑇 of 
PowerWindow. Using stator vanes may be an effective approach for creating the optimum resultant 
force on the PowerWindow blades. An ideal 𝐹𝑅 on the PowerWindow blades has no horizontal 
component and is purely vertical. In the stator-augmented PowerWindow a zero 𝐶𝑇 will be 
achieved when 𝐹𝐿𝑥and 𝐹𝐷𝑥 neutralize each other (𝐹𝑥 = 𝐹𝐷𝑥 → 𝐹𝑅𝑥 = 0) which needs the following 
condition: 






= tan𝛼      (28) 




→ tan(𝜃𝑣,𝑖 − tan















)     (30) 
In the conventional wind turbines and the original PowerWindow model, increasing 𝐶𝑃 is 
always associated with increasing 𝐶𝑇, while in the stator-augmented PowerWindow, 𝐶𝑃 can be 
increased while decreasing 𝐶𝑇, which is highly desirable. Utilising the developed BEM model and 
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developing an active control system for adjusting the stator vanes direction, the optimum 𝜃𝑣,𝑖 for 
the stator vanes can be calculated and adjusted, which based on the approach wind velocity 
maximizes 𝐶𝑃 and minimizes 𝐶𝑇 for the stator-augmented PowerWindow. Moreover, as discussed 
earlier, another advantage of the stator –augmented model is that the direction of rotation of the 
turbine remains the same regardless of the direction of the approach wind.  
 
4. Computational Fluid Dynamic Model  
4.1. Transition – Turbulence Model 
In CFD simulations, the accuracy of flow separation prediction on every blade is significantly 
dependent on selecting an appropriate viscous model. The shear stress transport (SST) models have 
been validated extensively for separating 2D flows with Reynolds-averaged Navier–Stokes 
(RANS) models 23. Menter 24 suggests  that flow over the rotor blades can be subject to significant 
region of laminar-turbulence transition and because the transition process can affect the separation 
behavior of the boundary layer on the blade surface ν2-f (transition SST) model is the best model in 
case of separation. Based on flow over a flat plate 25, Reynold number of  7.1 × 104 is calculated 
on the PowerWindow blades in the wind tunnel test, which indicates that blades are located in a 
laminar-turbulent transition region. Therefore, the ν2-f model seems to be the most accurate model 
for these simulations.  
The ν2-f model is a modified SST k- RANS turbulence model by the addition of two other 
transport equations for  (the intermittency) and the transition onset criteria 24. Menter 24 expressed 
that this approach has two main advantages. The first is that it improves the robustness of the 
model because the intermittency does not enter directly into the momentum equations. The second 
advantage is that it allows the model to predict the effects of high free stream turbulence levels on 
buffeted laminar boundary layers. The reason is that for large free stream eddy viscosities, the 
small values of intermittency in the boundary layer do not cancel out the local eddy viscosity.  
4.2. Mesh and Boundary Conditions 
In this study, stator vanes at the front and rear of PowerWindow are designed with a curved 
shape (24° circle arc) to minimize flow separation from their surface. As a simple preliminary 
configuration, the stator vanes have been selected to have the same length and distance from each 
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other as the chord length of the blades (150mm). The 2𝑚 × 2𝑚 × 0.8𝑚 stator-augmented 
PowerWindow was located in 6𝑚 × 8𝑚 × 14𝑚 domain having 3𝑚 distance from the inlet and 
10𝑚 from the outlet. 
In CFD simulations higher mesh quality is primarily achievable by using finer structured mesh. 
But, a fully structured mesh usually needs numerous elements which is computationally expensive. 
In order to achieve a balance between solution accuracy and calculation time, a combination of 
structured and unstructured mesh is used in this study. This technique helps to decrease the number 
of elements while having a high quality mesh around the body 26. Therefore, as previously 
investigated in the mesh independence study for the CFD model of  the PowerWindow prototype 
27, 200 structured rectangular elements (1.5mm length of each cell along the chord-wise direction), 
with y+ below 1.0, are generated adjacent to the blade surface. This structured region, as shown in 
Figure 6 (c), is connected to the surrounding structured region via unstructured triangular elements 
with a maximum skewness of 0.17, as shown in Figure 6(b). The 3D model contains 4,078,320 
elements in the original model and 5,128,740 elements in the stator-augmented model. In both 
cases y+ is below 300 over all the walls. 
The frame of the hybrid region containing the front and rear blades is selected as multiple 
reference frame (MRF) which can move vertically within the domain. The boundaries of the blades 
are set to moving wall with zero velocity relative to their adjacent cells. As a result, their vertical 
velocity would be equal to the MRF surrounding cells. The inlet boundary condition has a constant 
free stream velocity of 8𝑚. 𝑠−1 and the outlet boundary of the domain is set to atmospheric 
pressure. Turbulence intensity of 5% and turbulence viscosity ratio (the ratio of turbulent to 
laminar viscosity) of 10 is set for inlet, and outflow boundary condition was set for outlet. The 
magnitude of the inlet velocity and turbulent intensity were selected to be consistent with the wind 
tunnel condition where the first experimental test was undertaken (on the original PowerWindow 
Prototype). The standard pressure correction method and a first order upwind scheme is used. The 
top and bottom boundaries of the domain are selected as stationary wall. Gambit 28 is used as the 
mesh generation tool in this study. The CFD simulations are at the prototype scale, thus avoiding 
the need to accommodate any scaling dictated by similarity criteria. 
It should be noted that 𝜆 cannot be determined automatically, it needs to be manually increased. 
The value of 𝜆 that results in the maximum power generation gives the ideal operating 𝜆. 
 
 








Figure 6 (a) Structured mesh generated around the unstructured region. (b) Combination of structured and 
unstructured mesh around the blades (a blue dash line shows x=0). (c) Fine structured rectangular elements 
adjacent to the blade surface. 
x=0 
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5. Results and Discussion 
5.1. Power Generation of Stator-augmented PowerWindow Model 
In order to achieve similar power generation by the front and rear blades in the stator-
augmented PowerWindow, in the preliminary configuration 𝜃𝑣,1and  𝜃𝑣,3 were selected to have the 
same value as  𝜃2 ( 𝜃𝑣,1 =  𝜃𝑣,2 = 𝜃𝑣,3 = 24°). Number of blades are the same as the original 
PowerWindow which corresponds to the solidity: 𝜎 = 0.428. The value of 𝜀 is obtained from 
another study 8 and used in the developed BEM model. In order to validate the BEM model of the 
stator-augmented PowerWindow, the 𝐶𝑃 achieved by this model has been compared with results 
obtained by the CFD model with the same approach wind velocity of 8𝑚. 𝑠−1, and shown in Figure 




Figure 7𝐶𝑃 of stator-segmented PowerWindow when σ = 0.428 versus λ when  𝜃𝑣,1 =  𝜃𝑣,2 = 𝜃𝑣,3 = 24° 
using modified BEM and CFD models.  
 
Figure 7 shows a reasonable agreement between the results achieved by the CFD model and 
those calculated by the modified BEM model. Both models have also detected different 
contributions to the total power generation for the front and rear blades at different 𝜆, while 𝜃𝑣,1and 
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and λ (as shown in Equation 21 and 22) while 𝛼2 is also dependent on 𝜀 (as shown in Equation 24 
and 25). However, an active control system could adjust  𝜃𝑣,2 so that 𝛼1 = 𝛼2. It should be noted 
that the results obtained by the BEM model are based on a number of simplifying assumptions, 
including neglecting viscous effects. Furthermore, simplifications such as selecting first order 
scheme or considering uniform velocity profile at the inlet are generally reflected in the accuracy of 
the computed results obtained by the CFD model. Although the current results may have some 
inaccuracies in predicting the aerodynamic performance of the stator-augmented LCWT, they are 
considered sufficiently reliable to highlight the overall effect of stator vanes on the performance of 
the device. 
5.2. Aerodynamic Forces of Stator-augmented PowerWindow Model 
Attaching the stator vanes to the PowerWindow blades increases friction and decreases the 
average velocity within the device, which is undesirable. Meanwhile the stator vanes by changing 
the flow direction increase the vertical component of velocity toward the blades, which is desirable 
for power generation. This change demands a higher overall pressure gradient across the stator-
augmented model compared with the original PowerWindow. Figure 8 (a) and (b) have plotted 
velocity and pressure contours in terms of velocity ratio (𝑅𝑉) and surface pressure coefficient (𝐶𝑆𝑃) 
in and around the stator-augmented model. 𝐶𝑆𝑃 shows the ratio of the local air pressure to the 









          (32) 
Flow streamlines are also mapped over both the 𝐶𝑆𝑃 and 𝑅𝑉 contours. As can be seen in Figure 
8(a) the front stator vanes have effectively redirected the flow upward, which as expected increase 
the lift force over the front blades. However, the bottom blade has been located beneath the flow 
path which means that more stator vanes need to be attached below the front ones to cover the 
bottom blade. Between the front and rear blades, the middle stator vanes have redirected the flow 
downward (toward the rear blades). Some flow detachment can be observed over the top stator 
vanes which as shown in Figure 8(b) have created a low pressure region there. Such flow 
detachment is not desirable as it partially blocks the flow path and decreases the uniformity of the 
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flow approaching the rear blades. One possible solution to reduce flow detachment from the middle 
vanes surface is to use symmetric airfoil instead of regular flat vanes. 
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Figure 8 (a) 𝑅𝑉 and (b) 𝐶𝑆𝑃 contours in and around the blades of the stator-augmented PowerWindow. 
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Similar to the bottom blade of the front ones, the top blades of the rear ones has been located 
outside the flow path which means that more stator vanes need to be attached above the middle 
ones to cover the top blade. As can be observed in both Figures 8(a) and (b), flow detachment is 
created beneath the rear stator vanes which has created a low pressure region at their downstream. 
Although it seems that the rear stator vanes have successfully redirected flow to the windward 
direction, they have resulted in high pressure gradient there. Therefore, in future studies, the length 
of the front and rear vanes can be altered and/or the curvature of the vanes can be modified to 
minimize the flow detachment at the outlet. 
For investigating the effect of changing flow direction on the aerodynamic forces over the 
PowerWindow blades, the vertical and axial (windward) aerodynamic forces over the blades of the 
stator-augmented configuration have been compared with the prototype configuration using CFD 
simulations.  
Figure 9 shows 𝐶𝑇 of the original and stator-augmented PowerWindow versus 𝜆. 𝑇𝑓 and 𝑇𝑟 
indicate the axial (windward) force over the front and rear blades. Comparison of  𝐹𝑥 between the 
original and stator-augmented PowerWindow presented in Table 1 shows that the 𝐹𝑥 of the stator-augmented 
PowerWindow is lower than the original one, and 𝐹𝑥 would be negative (𝐹𝑥 < 0) if 𝐹𝐷 cos 𝛼 be greater 
than  𝐹𝐿 sin𝛼 (𝐹𝐿 sin𝛼 < 𝐹𝐷 cos 𝛼) which results in a negative 𝐶𝑇.  
 
 
Figure 9 𝐶𝑇 on the original and stator-augmented PowerWindow versus 𝜆. 
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As shown later in the next figure (Figure 10), the operating point is around 0.15 − 0.175 for the 
original PowerWindow and 0.275 − 0.325 for the stator-augmented one. As a result, 𝐶𝑇 would be 
around 0.035 for the original PowerWindow and −0.005 for the stator-augmented one. Figure 9 
shows that even at other 𝜆s, 𝐶𝑇 is very low (−0.005 < 𝐶𝑇 < 0.005) in the stator-augmented 
PowerWindow. The revealed result shows that the stator vanes are able to minimize/neutralize 𝐶𝑇 
on PowerWindow. However, 𝐶𝑇 has not been completely neutralized by the proposed design and 
further improvements on the vanes are needed to make that possible. 
 
Figure 10 compares 𝐶𝑃 of the stator-augmented PowerWindow with contribution of the front 
and rear blades in the total 𝐶𝑃 with the original PowerWindow from another study 
10. 𝑃𝑓, 𝑃𝑟 and 𝑃𝑡 
indicate the power generation by the front blades, rear blades and the total power generation. As 
comparison between the experimental test on the prototype and its CFD model has shown 9, 
operating 𝜆 is expected to be around the optimum 𝜆 in PowerWindow, where the maximum 
𝐶𝑃 is achieved. As can be seen using the stator vanes, PowerWindow can achieve higher 𝐶𝑃 
(around 10%) at much lower 𝐶𝑇 . This result is very valuable because the main obstacle 
against enhancing 𝐶𝑃 of the original model of PowerWindow with increasing 𝛼 is the 
destructive axial force which would be inevitably created by increasing 𝜃𝑏. 
 
 
Figure 10 𝐶𝑃 of the original and stator-augmented PowerWindow versus 𝜆. 
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As shown in the previous study 9, the relative position of the front blades to the rear ones can 
slightly change the aerodynamic forces on the LCWT blades. A similar interaction is expected 
between the vanes and the blades in the stator-augmented LCWT. The effect of the configuration 
of stator vanes and the relative position of the vanes to the blades will be investigated in future 
studies. 
6. Conclusion 
This study has proposed to attach stator vanes to PowerWindow, a linear cascade wind turbine, 
to improve the flow direction in the device. The stator vanes by controlling the angle of attack 
increase the acting force (vertical load) and decrease the undesirable force (axial load) on 
PowerWindow blades. An Analytical model using blade element momentum theory has been 
developed for the new configuration referred to as stator-augmented PowerWindow. The analytical 
model has been verified by a computational fluid dynamic model. The results have shown that the 
stator vanes are able to minimize/neutralize the undesirable force (axial load) on PowerWindow so 
that the thrust coefficient decreases from 0.035 in the original model to -0.005 in the stator-
augmented one. It is shown that the stator vanes by increasing the acting force (vertical load) on 
PowerWindow blades have simultaneously enhanced the coefficient of performance from 0.85 to 
0.1. It is also shown that another advantage of using stator vanes to control the angle of attack is 
that the direction of rotation of PowerWindow will remain the same regardless of the wind 
direction. In the original PowerWindow, when the wind direction is reversed, the turbine will also 
rotate in the opposite direction. The stator-augmented design, therefore, will be particularly useful 
for fixed in-building installations.  
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